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Introduction 33
Sulfate is a main component of aerosols or fine particles (PM 2.5 ) in the atmosphere and 34 plays a key role in global climate change. The direct and indirect radiative effects induced by 35 sulfate aerosols have constituted one of the major uncertainties in current assessments of 36 climate change (IPCC, 2013) . In addition, deposition of sulfate aerosols exerts deleterious 37 impacts on ecosystems through acidification of soils, lakes, and marshes (e.g., Schindler, 38 1988; Gerhardsson et al., 1994) . Sulfate is also an important contributor to the haze formation 39 and substantially reduces the atmospheric visibility during hazy days (e.g., He et al., 2014; 40 Guo et al., 2014) . 41
The main source of sulfate in the atmosphere is the oxidation of sulfur dioxide (SO 2 )， 42 which is directly emitted from fossil fuel combustion, industrial processes, and volcanoes, or 43 generated by oxidation of other sulfur-containing species, such as dimethyl sulfide (DMS) . 44
The conversion of SO 2 to sulfate involves various processes, including gas-phase oxidations 45 by hydroxyl radicals (OH) and stabilized criegee intermediates (sCI) (Mauldin III et al., 46 2012), aqueous reactions in cloud or fog droplets, and heterogeneous reactions associated 47 with aerosols (Seinfeld and Pandis, 2006) . 48
Model studies have been performed to investigate the formation of sulfate aerosols on 49 global or regional scales (Barrie et al., 2001 ). Previous global model results, considering the 50 contribution of SO 2 gas-phase oxidation and aqueous reactions in cloud or fog droplets driven 51 by ozone (O 3 ) and hydrogen peroxide (H 2 O 2 ), have suggested that SO 2 mixing ratios are 52 generally overestimated while sulfate concentrations tend to be underestimated, indicating 53 that the two SO 2 oxidation pathways still cannot close the gap between field observations and 54 modeling studies (Kasibhatla et al., 1997; Laskin et al., 2003) . Incorporation of aqueous SO 2 55 oxidation by oxygen catalyzed by transition metal ions in models has improved sulfate 56 simulations compared to measurements (Jacob and Hoffmann, 1983; Jacob et al., 1984 Jacob et al., , 1989 ; 57 The sulfate aerosols constitute about 15.7% of the PM 2.5 mass concentration on average, and 137 the occurrence frequency with the daily sulfate mass concentration exceeding 50 µg m -3 is 138 around 25.7%. 139
The observed high level of sulfate aerosols is hardly interpreted using SO 2 gas-phase 140 oxidations by OH and sCI due to the low O 3 level in the winter. The insolation is weak during 141 wintertime in North China, unfavorable for photochemical activities. as [PM 2.5 ] are assembled, and an average of [O 3 ] in each bin are calculated (Nakajima et al., 148 2001; Kawamoto et al., 2006) . As shown in Figure 3, atmosphere (e.g., Sun et al., 2013; Zheng et al., 2015) . with the correlation coefficient of 0.70, indicating that the aerosol water induced by the 160 aerosol wet growth might play an important role in the sulfate formation. It is worthy to note 161 that since high RH often coincides with stagnation, the concentrations of a lot of pollutants 162 also build up during high RH periods. There are two possible pathways for the sulfate 163 formation: bulk aqueous-phase oxidation of SO 2 in aerosol water and heterogeneous reaction 164 of SO 2 on aerosol surfaces involving aerosol water. 165
The heterogeneous reaction of SO 2 on dust surfaces has been investigated 166 comprehensively, but the sulfate formation mechanism is still not completely understood. 167
Possible mechanisms have been proposed that mineral dust and NO 2 enhance the conversion 168 of SO 2 to sulfate (He et al., 2014; Xie et al., 2015; Xue et al., 2016 ). Size-segregated particle 169 samples in Beijing have shown that a considerable amount of sulfate is distributed in the 170 coarse mode with particle diameters ranging from 2.1 to 9 µm, but sulfate peak 171 concentrations still occur in the fine mode with particle diameters ranging from 0.43 to 1.1 172 µm (Tian et al., 2016) . Oxidation of sulfite by NO 2 in aerosol water has also been proposed to 173 contribute considerably to the sulfate production when NH 3 concentrations are sufficiently 174 high (Pandis and Seifeld, 1989; Xie et al., 2015) . 175
Laboratory or field studies have suggested that O 3 or Fe 3+ can oxidize sulfite to sulfate. 176
Considering the low [O 3 ] during wintertime (Figure 3 ), the oxidation of sulfite by O 3 cannot 177 constitute the main source of the wintertime sulfate. Mineral dust and coal combustion in 178
China could provide sufficient iron. Measurements have indicated that mineral dust accounts 179 for about 10% of PM 2.5 in Beijing (He et al., 2014) . Observations at an urban site in Ji'nan, 180
China have also shown enhanced iron concentrations during haze episodes, ranging from 0.7 181 to 5.5 µg m -3 , which are primarily emitted from steel smelting and coal combustion (Wang et 182 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -994, 2016 conditions for the oxidation of adsorbed sulfite (Seinfeld and Pandis, 2006) . 190
We propose here a SO 2 heterogeneous reaction parameterization in which the SO 2 191 oxidation in aerosol water by O 2 catalyzed by Fe 3+ is limited by mass transfer resistances in 192 the gas-phase and the gas-particle interface. 193
When the solution pH is between 5.0 and 7.0, the oxidation reaction is second order in 195 dissolved iron and first order in S(IV) and can be expressed as follows (Seinfeld and Pandis, 196 2006) : 197
where [S(IV)] is the sulfite (S(IV)) concentration. The measured SO 2 mass accommodation 200 coefficient on aqueous surfaces is around 0.1 (Worsnop et al., 1989) . Due to sufficient NH 3 201 and presence of mineral dust in the atmosphere in North China, the calculated pH in aerosol 202
water is between 5.0 and 7.0 (Cao et al., 2013) . The SO 2 uptake coefficient on aerosol water 203 surface is estimated to be about 10 -4 ~ 10 -5 if the sulfite oxidation is catalyzed by Fe 3+ . The 204 sulfate heterogeneous formation from SO 2 is therefore parameterized as a first-order 205 irreversible uptake by aerosols, with a reactive uptake coefficient of 0.5×10 -4 , assuming that 206 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -994, 2016 Manuscript under review for journal Atmos. Chem. Phys. there is enough alkalinity to maintain the high iron-catalyzed reaction rate: 207
where [SO 2 ] is the SO 2 concentration, A w is the aerosol water surface area, γ !! ! is the SO 2 209 reactive uptake coefficient, and !! ! is the SO 2 thermal velocity. Considering that O 3 and 210 NO 2 also play a considerable role in the sulfite oxidation when pH is high (Pandis and 211 Seinfeld, 1989) , future studies are needed to consider the O 3 and NO 2 contribution to the 212 sulfate formation. The box model is utilized to simulate the rapid sulfate growth from 07:30 to 09:30 BJT, 224 constrained by the observed temperature, SO 2 , nitrate, and ammonium (Table 2 ). There was 225 no RH observation at the IEECAS site; the observed RH at adjacent meteorological stations 226 ranged from 93% to 99% during the time period. In addition, the atmosphere was calm and 227 stable during the simulation period due to the control of a high pressure system over GZB, so 228 the horizontal transport is not considered. Various RHs from 93% to 99% are used to 229 calculate the sulfate growth in the box model. Figure 6 (Pandis and Seinfeld, 1989; Pandis et 238 al., 1992) . Hence, the box model simulations with the RH ranging from 93% to 99% strongly 239 suggest that there was at least some patchy fog in the area, which would provide sufficient 240 water for the rapid iron-catalyzed reaction. Further studies need to be performed to 241 investigate the possible contributions of the patchy fog on the sulfate formation. 242 243
Sulfate Simulations in GZB and BTH 244
The proposed HRSO 2 parameterization is further incorporated into the WRF-CHEM 245 model to simulate sulfate aerosols. Two simulations are performed for GZB and BTH 246 respectively, including the base case (hereafter referred to as B-case) without the HRSO 2 247 parameterization and the enhanced oxidation case (hereafter referred to as E-case) with the 248 HRSO 2 parameterization. In Figures 7 and 8 , we present the spatial distributions of calculated 249 and observed near-surface [PM 2.5 ] at 00:00 BJT in the E-case on selected six days 250 representing the haze development in GZB and BTH, respectively, along with the simulated 251 wind fields. In general, the predicted PM 2.5 spatial patterns agree well with the observations 252 at the ambient monitoring sites in GZB and BTH. The model reproduces well the high [PM 2.5 ] 253 in GZB, although it tends to underestimate the observation in the west of GZB. Due to the 254 specific topography, when the northeast winds are prevalent in GZB, pollutants tend to 255 accumulate, and simulated and observed [PM 2.5 ] can be up to 500 µg m -3 . When the north 256 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -994, 2016 (Table 3 ). However, in the E-case, the 290 WRF-CHEM model generally yields the observed sulfate variations during the 11-day 291 episode, with a MB of -17.0 µg m -3 and an IOA of 0.89. It is worth noting that the model has 292 difficulties in reproducing the long-range transport sulfate contribution, and considerably 293 underestimates the observed sulfate mass concentration on December 17. The model also 294 cannot replicate the slow transition of synoptic situations on December 21, and the plume 295 formed in Xi'an is pushed to the northeast of Xi'an, causing underestimation of sulfate 296 aerosols (Bei et al., 2016) . 297
In Beijing, the model also reproduces the observed sulfate variations reasonably well 298 during the 7-day episode in the E-case, with a MB of -0.8 µg m -3 and an IOA of 0.88 (Table  299 3), but cannot adequately predict the observed sulfate peaks. The high level of sulfate 300 aerosols in Beijing is generally determined by the transport from surrounding areas, 301 particularly from the regions in the south or east. Uncertainties of the timing, depth, and 302 intensity of the simulated southerly or easterly wind fronts significantly influence the model 303 performance. For example, the early occurrence of the southerly wind fronts causes an 304 overestimation of sulfate aerosols during the daytime on January 15. The model also fails to 305 produce the observed high sulfate mass concentration in the evening during January 17 due to 306 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -994, 2016 Manuscript under review for journal Atmos. Chem. Phys. uncertainties on the aerosol species comparison at a single site , the HRSO 2 323 parameterization performs reasonably well in simulating the observed inorganic aerosol 324 variations in Xi'an and Beijing in the E-case. 325 Figure 13 presents the observed and simulated diurnal cycles of mass concentrations of 326 NO 2 and SO 2 averaged over GZB and BTH and the sulfate, nitrate, and ammonium aerosols 327 in Xi'an and Beijing during the simulated episodes. The WRF-CHEM model performs well 328 in simulating the NO 2 diurnal cycles compared to measurements over GZB and BTH in the 329 E-case. The model also reasonably reproduces the observed diurnal cycles of SO 2 over GZB, 330 sulfate, nitrate, and ammonium aerosols in Xi'an in the E-case, particularly the sulfate 331 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -994, 2016 Manuscript under review for journal Atmos. Chem. Phys. respectively, and an average of inorganic aerosols and PM 2.5 concentrations in each bin are 357 calculated. Figures 16 and 17 show the impacts of the HRSO 2 parameterization on the 358 inorganic aerosols and PM 2.5 simulations in GZB and NCP, respectively. The heterogeneous 359 sulfate formation determines the sulfate level when the sulfate concentration in the E-case is 360 more than 25 µg m -3 , with the contribution exceeding 50% in GZB. However, in BTH, the 361 heterogeneous sulfate formation plays a more important role in the sulfate level only when 362 the sulfate concentration in the E-case exceeds 45 µg m -3 . If the HRSO 2 parameterization is 363 not considered, the model generally predicts more nitrate and less ammonium aerosols 364 (Figures 16b-c and 17b-c) . In addition, the [PM 2.5 ] contributions of the heterogeneous sulfate 365 formation exceed 5% and 10% when the simulated sulfate concentrations in the E-case are 366 more than 10 µg m -3 and 80 µg m -3 in GZB respectively (Figure 16d ). However, in BTH, the 367 contributions exceed 5% when the simulated sulfate concentrations in the E-case are higher 368 than 50 µg m -3 (Figure 17d ). 369 370 4
Summary and Conclusions 371
In the present study, a parameterization of sulfate heterogeneous formation involving 372 aerosol water (HRSO 2 ) is developed based on the daily filter measurements in Xi'an since 373 2003. A SO 2 heterogeneous reaction parameterization has been proposed, in which the SO 2 374 oxidation in aerosol water by O 2 catalyzed by Fe 3+ is limited by mass transfer resistances in 375 the gas-phase and the gas-particle interface. The sulfate heterogeneous formation from SO 2 is 376 parameterized as a first-order irreversible uptake by aerosol water surfaces, with a reactive 377 uptake coefficient of 0.5×10 -4 assuming that there is enough alkalinity to maintain the high 378 iron-catalyzed reaction rate. A box model with the HRSO 2 parameterization successfully 379 reproduces the observed rapid sulfate formation at IEECAS site in Xi'an. 380
The HRSO 2 parameterization is implemented into the WRF-CHEM model to simulate 381 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -994, 2016 Manuscript under review for journal Atmos. Chem. Phys. conversions to sulfate aerosols. 387
The HRSO 2 parameterization substantially improves the sulfate simulations compared 388 to the measurements in Xi'an and Beijing, particularly under humid conditions. In Xi'an, the 389 sulfate concentrations are substantially underestimated when the HRSO 2 parameterization is 390 not considered in the simulations. Inclusion of the HRSO 2 parameterization significantly 391 enhances the sulfate formation, and the model generally produces the observed sulfate 392 variations during the 11-day episode. In Beijing, improvement in sulfate simulations with 393 HRSO 2 parameterization is not as obvious as that in Xi'an because of the very humid 394 conditions in GZB during the simulation period. The HRSO 2 parameterization also improves 395 the ammonium simulations in Xi'an and Beijing compared to observations, as well as 396 appreciably improves the PM 2.5 simulations against the measurements over monitoring sites 397 in GZB and NCP. 398
In summary, reasonable representation of sulfate heterogeneous formation not only 399 improves the PM 2.5 simulations, but also helps rationally verify the contribution of inorganic 400 aerosols to PM 2.5 , providing the underlying basis for better understanding the haze formation 401 and supporting the design and implementation of emission control strategies. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -994, 2016 Manuscript under review for journal Atmos. Chem. Phys. averaged over GZB and BTH and the sulfate, nitrate, and ammonium aerosols in 619
Xi'an and Beijing during the simulated episodes. 620 Figure 14 Comparison of measured and predicted diurnal profiles of near-surface hourly 621 PM 2.5 mass concentration averaged over all ambient monitoring stations (a) in GZB 622
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